Dry deposition of nitrogen containing species by McRae, Gregory J. & Russell, Armistead G.
DRAFT 
DRY DEPOSITION OF NITROGEN CONTAINING SPECIES 
Gregory J. McRae and Armistead G. Russell 
Environmental Quality Laboratory 206-40 
California Institute of Technology 
Pasadena, California 91125 
Paper presented at 
American Chemical Society 
183rd National Meeting 
Las Vegas, Nevada 
March 28 - April 2, 1982 
Division of Environmental Chemistry 
Symposium on Acid Precipitation 
Session on Deposition Both Wet and Dry 
Chairman: Dr. B. B. Hicks 
ii 
ABSTRACT 
Nitrogen oxides (NO ) emissions and the oxidation products formed X 
by photochemical interactions in the atmosphere are responsible for a 
significant fraction of both dry and wet acid deposition fluxes. In 
this paper a vertically-resolved, Lagrangian trajectory model is used 
to predict the diurnal variation of: NO, N02 , N03 , HONO, HON02 , H02No2 , 
RONO, RON02 , R02No2 , N2o5 and PAN over an urban airshed. Particular 
attention is given to the fate of nitric acid and its reaction with 
gaseous ammonia to form, aerosol phase, ammonium nitrate. A simple 
model for estimating the deposition fluxes of these species is also 
presented. A study of the fate of nitrogen oxides emissions, in the 
South Coast Air Basin of southern California, is used to illustrate the 
procedures. 
1 
I. INTRODUCTION 
During the last decade considerable attention has been devoted to 
understanding the sources, causes and environmental impacts of air pol-
lution. Recently, increased research efforts have been devoted to one 
particular aspect of this problem - surface deposition of acidic 
materials. In an urban atmosphere the major precursors of acid deposi-
tion are sulfur dioxide (so2) and nitrogen oxides (NOx). These gases 
and their acidic oxidation products form a heterogeneous mixture of 
compounds that ultimately return to the earth's surface as either wet 
or dry deposition. While much of the initial work has been directed at 
measuring ecosystem acidification by wet precipitation1 •2 there is a 
growing recognition that other mechanisms, especially dry deposition, 
. 3,4 
are 1mportant • 
If the adverse effects of dry deposition are to be minimized 
through the implementation of source controls then there is a clear 
need for a formal methodology that can describe the emission, tran-
sport, and subsequent f~te of acidic compounds and their precursors. 
One technique, and the approach adopted here, is to use a mathematical 
model that incorporates the major processes influencing acid deposi-
tion. A particular focus of this work is a study of the physical and 
chemical transformations of NO emissions. There are several reasons 
X 
for this emphasis. One is that the dynamics of nitric acid and ammonia 
has a dominant influence on surface acidity. Another, and perhaps the 
most important, is that with changing fuel usage patterns and control 
of SO emissions nitrogen oxides will be a major component of the acid 
X 
deposition problem. 
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II. A MODEL OF ATMOSPHERIC TRANSPORT AND CHEMISTRY 
Four basic elements determine the pattern of acid deposition: 
source emissions, atmospheric transport, physical and chemical 
transformations, and ultimately, the mode of surface removal. While 
there are several possible frameworks for integrating these processes 
one of the most useful is provided by the integral form of the atmos-
pheric diffusion equation. Based on a mathematical statement of mass 
conservation this model provides a simple means for describing the for-
mation and transport of chemically reacting species in the turbulent 
planetary boundary layer5 ' 6 ' 7 • Consider a typical airshed of volume V, 
bounded by a surface A as shown in Figure 1. Over this region the mass 
balance can be written in the form 
(1) 
v A v 
where ci(~,t); i=l, ••• ,n is the concentration of species i, F~(~,t).i 
is the mass flux normal to the airshed boundary and R.(c1 , ••• ,c ,T) is l. n 
the rate of chemical production of species i at temperature T. · One 
important property of (l) is that it explicitly shows how the flow of 
material across the airshed boundaries influences the ambient concen-
tration dynamics. This feature is particularly useful in deposition 
studies. For example, whether the ground acts as a net source or sink 
for pollutant material can be determined by simply evaluating the sur-
face integral over the lower boundary of the airshed. 
While the mass balance framework provides a convenient framework 
for calculating acid deposition fluxes, by itself, it is not suffi-
cient. A complete problem formulation requires a characterization of 
each term in (1) as well as the specification of the associated initial 
3 
FIGURE 1 
Perspective Plot of South Coast Air Basin of Southern California 
(The arrows correspond to the processes considered 
in the nitrogen mass balance calculations) 
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and boundary conditions. There are many different ways to establish 
the initial concentration field. 
ltEV (2) 
One simple procedure, and the approach employed in this study, is to 
. 1 . h . 8,9 . use 1nterpo at1on tee n1ques • 
Several factors, including the nature of the flow ~ield and the 
surface orientation, influence the way in which the boundary flux 
F~(lt,t).~ in (1) is characterized. For example, in a turbulent flow 
field the material flux out of the region, in a direction parallel to 
the ground, is given by5 
(3) 
where ~(lt,t) is the prescribed flow field, and K is an eddy diffusivity 
description of turbulent mixing. (The variations of K and ~as a func-
tion of atmospheric stability and surface conditions is described in 
McRae et al.S,lO and will not be repeated here.) The magnitude of the 
fluxes through the top of the airshed depend on the elevation of the 
boundary. If the height of the airshed is defined to be greater than 
the maximum extent of the convective mixed layer then the contribution 
from turbulent transport across the upper boundary is neglible. At 
ground level, the formulation of the boundary flux F~(lt,t).~, must 
account for the effects of surface deposition, diffusive transport, and 
direct emissions of species ci. A differential statement of mass con-
tinuity at the surface is given by 
(4) 
i 
where E. the source emission flux of species i, v the deposition 
1 g 
5 
velocity and K is the vertical transport contribution from turbulent 
zz 
diffusion. Deposition velocities are used to describe the interaction 
of gases and aerosols with the surface. In general, while more reac-
tive species have a higher deposition velocity, the flux also depends 
on the meteorological conditions. Subsequent sections of this work are 
devoted to a more detailed treatment of the surface deposition 
processes. 
One of the most important influences on airshed concentration 
dynamics is the chemical kinetics, R.(c1 , ••• ,c ,T). 1 n The development 
of a mechanism that accurately describes the chemistry occuring in the 
atmosphere and which at the same time is computationally tractable is a 
complex undertaking. The task is complicated by the need to maintain a 
balance between the level of chemical detail and minimizing, for numer-
ical reasons, the number of species and reaction pathways. In this 
study the photochemistry is based on the mechanism developed by McRae 
et a1.5 , Falls and Seinfeld11 , Falls et a1. 12 and Russell et a1.13 • 
Those reactions that in~olve nitrogenous species are described in a 
subsequent section where particular attention is given to the fate of 
nitric acid and its reaction with ammonia to form, aerosol phase, 
ammonium nitrate. 
Once the various components of the model have been specified then 
it can be solved in a manner that enables particular species to be 
traced from their source to their ultimate removal. Unfortunately, in 
many practical applications, the cost of calculating the flux distribu-
tion over a large airshed can be very high6 ' 14 • There is however, an 
inexpensive alternative. Under some conditions it is possible to dis-
cern the patterns of acid deposition by calculating the flux balances 
6 
in columns of air that move across the airshed with the mean flow (Fig-
ure 2). For this Lagrangian technique to be valid the effects of hor-
izontal diffusion and vertical wind shear on pollutant distributions 
must be neglible15 • Both of these conditions are implicit in the 
meteorological fields used in this project. 
III. SURFACE DEPOSITION OF ATMOSPHERIC CONTAMINANTS 
An important component of any approach to estimating the magnitude 
of acid deposition (and, similarly, acid neutralizing species) is a 
procedure for calculating the pollutant flux to the surface. This sec-
tion provides a brief summary of a technique introduced in McRae et 
5 
al •• In most models the deposition rate is described by a single quan-
tity, the pollutant deposition velocity, v • (The species index has g 
been dropped to simplify the subsequent notation.) The flux of 
material, F, directed towards the lower boundary surface is defined by 
(5) 
where c(z ) is the conc~ntration of the material at some reference 
r 
height z • A basic problem with this expression is that it does not 
r 
explicitly represent the fact that dry deposition involves a complex 
linkage between turbulent diffusion in the surface boundary layer, 
molecular scale motion at the air-ground interface and chemical 
interaction of the material with the surface16- 25 • Various physical 
processes are involved including gravitational settling, turbulent and 
molecular diffusion, inertial impaction, phoretic and electrical 
effects. In addition to these removal phenomena, deposited material 
can be desorbed or mechanically resuspended. 
1(: 
Eulerian 
Co-ordinates 
Air Parcel Moving 
Along Trajectory 
Column 
Height H(t) 
7 
Trajectory Path 
(a) 
-r--
en 
• 
• 
• t 
H(t} •i 6Zj 
e T • 
• 
•2 
•1 
(b) 
FIGURE 2 
Schematic Representation of 
Lagrangian 
Co-ordinates 
Mixing Height 
Variation Along 
Trajectory Path 
(a) Vertically Resolved Lagrangian Tra jectory Hodel 
and (b) the Computational Grid Cell Convention 
8 
As a first step towards improving the simple model (5) it is 
necessary to recognize that there are two basic components associated 
with pollutant removal: one is the transport of material to the ground 
and the other is the interaction of the pollutants with the surface. 
Unless extensive field experiments have been made in the airshed, it is 
not possible to accurately characterize the second component of the dry 
deposition process. An alternative approach, and the focus of this 
work, is to develop an upper limit for v in terms of the transport g 
processes, and the concentration at a reference point above the sur-
face. (Typically the height of the lowest computational grid point in 
the airshed model.) A secondary goal is to identify the significant 
meteorological variables and surface properties needed to either corre-
late different measurements of vg or to modify the results for dif-
ferent experimental conditions. 
IV. DEPOSITION IN THE CONSTANT FLUX LAYER 
Consider the idealized representation of the airshed surface shown 
in Figure 3. Within the layer 0 ~ z ~ zr the deposition is assumed to 
be a one-dimensional, steady state, constant flux process occurring 
without re-entrainment and, in the case of aerosols, without particle 
agglomeration. With these assumptions the deposition flux is described 
by 
F • [K (z) + D] de + vt c(z) p dz (6) 
where Kp{z) is the pollutant eddy diffusion coefficient, D the molecu-
lar diffusion coefficient of the material in air and vt the terminal 
settling velocity for particulate material. Equating the fluxes in 
9 
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momentum sink 
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FIGURE 3 
Idealized Representation of the Airshed Surface 
expressions (5) and (6) gives 
z 
r 
dz 
[K (z)+D] p 
10 
(7) 
The lower limits of integration zd and c(zd) refer to the elevation and 
concentration of material at the effective pollutant sink height . It 
is important to note that zd is not in general equal to the surface 
h h . h . d . h . k 26 roug ness z , a e1g t assoc1ate w1t momentum s1n • 
0 
If the termi-
nal settling velocity is set to zero for the case of gaseous materials 
then (7) can be written in the simpler form 
c(zd) ] 
C(Z) 
r 
fzr dz [K (z) + D) 
zd p 
V. DIFFUSIVE TRANSPORT IN THE SURFACE LAYER 
(8) 
Since the model is intended to be used primarily in the surface 
layer of the atmosphere, an expression forK (z) can be developed using p 
Monin-Obukhov similarity theory. The velocity shear and the pollutant 
eddy diffusion coefficient, K (z), are given by p 
and 
k u* z 
K (z) = ---
P $ c=-> p L 
(9) 
(10) 
where k is the von Karman constant, u* the friction velocity, L the 
Monin-Obukhov length and cp , cp are universal functions which must be p m 
determined by experiment. The ~ functions basically correct for the 
effects of buoyancy on turbulence. Businger et a1. 27 have constructed 
11 
expressions for momentum,~m and heat, ~H,from an analysis of field data 
taken under a wide variety of stability conditions. For the present 
model the expressions adopted for momentum are 
[1 + 4. 7(t)] Stable; ~ > 0 L 
z Neutral; z 0 ~m(L) = 1 - = L 
1 (11) 
z 4 Unstable: z < 0 [1 - 15 (-)] L L 
In addition to the transport relations for momentum there are some data 
for ~ functions associated with water vapor ~w and heat ~H. Unfor-
tunately, there are few direct experimental measurements of pollutant 
fluxes in the atmospheric surface layer. 
A decision must be made as to the form of the ~ function for a 
generalized passive scalar contaminant. For unstable conditions (z/L < 
0) the experimental evidence of Dyer and Hicks28 indicates that ~H ' ~ w 
= ~ 2 • Galbally29 measured ozone profiles and fluxes in the surface 
m 
layer and concluded that the eddy transport mechanism for o3 is similar 
to that for heat rather than momentum. On the basis of these two stu-
dies and the data of Businger et al. 27 the following ~ functions have 
been adopted for pollutant transport. 
z Stable; z > 0 o. 14 + 4 . 1 <'L > L 
z Neutral; z 0 (12) ~p<L> = 0 . 74 - = L 
1 
0 . 74[1-9(f)J -z- Unstable; z < 0 L 
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VI. UPPER LIMIT DEPOSITION MODEL 
Within the surface layer defined by zd<z<zr the bulk contribution 
to the diffusive transport from molecular diffusion is negligible. 
Applying this assumption to equation (8) and in addition substituting 
the flux gradient relation (10) for K (z) gives the following upper p 
limit to the deposition velocity. 
v = g 
[ 
c(zd) J 
k 1 - c(zr) 
z 
r 
f ~ 4> (~)dz zu* p L 
zd 
(13) 
Since u* is approximately constant with height in the surface layer30 
and <Pp-1 for zd<z<z0 , the denominator of (13) can be expanded to give 
k2 u(zr) [ 1 c(zd) ] c(z ) r 
vg 
(z/:m(fl dzz1 ( i 1 (14) r z +J 4> (~) ·dz 0 g,n(-) zd z p L z 0 
Evaluation of the term ln(z
0
/zd) in the denominator of equation 
(14) requires a knowledge of zd and of the transfer processes at the 
surface. Based on a survey of the heat transfer literature Wesely and 
Hicks31 assumed that 
(15) 
where Sc and Pr are the Schmidt and Prandtl numbers associated with 
13 
the pollutant material in air. The complete model is then 
k2 u(zr) [1- c(zd)] c(z ) 
r 
v = 2 g [./r•m(~) ~z] z ] [ 2 (sc)3 + Jr¢ (~) dz Pr z p z 
0 
(16) 
The integrals required to evaluate vg are shown in Table 1. 
VII. CHARACTERISTICS OF THE DEPOSITION MODEL 
The final result exposes a number of the limitations of the basic 
model (5), in particular, the fact that v is directly influenced by g 
the prevailing meteorology and atmospheric stability. The effect of 
stability is particularly apparent; consider for example, the condi-
tions shown in Figure 4. With z/L in the range -1.5 to +1.5, the depo-
sition velocities vary by almost a factor of five. This result indi-
cates that under typical conditions there could be a significant diur-
nal variation in the sur.face removal of pollutant material. The func-
tiona! dependence of v on the elevation above the surface highlights g 
the need for reporting the reference height z in field or laboratory 
r 
studies. If vg' zr' z
0 
and u(zr) are measured, then it is possible to 
evaluate c(zd)/c(zr) and in turn, vg for elevations other than the 
reference height. This is a useful approach for developing the deposi-
tion velocities for air quality models in which zr may be of 0(10 m). 
Once the pollutant deposition velocity has been established, 
either by direct measurement or estimated using the proposed model, the 
next step is to develop a formal procedure for calculating the amount 
of material removed at the ground. At the lower surface of the airshed 
INTEGRAL 
MOMENTUM 
z 
J ~ (~) dz m L z 
z 
0 
POLLUTANT 
z 
J \ (~) dz 
z 
0 
p L z 
DEPOSITION 
6z z 
f f x dx <fl (-) - dz p L X 
zr zr 
TABLE 1 
Momentum and Pollutant Integrals for Different Stability Conditions 
STABLE 
z L > o 
z 
ln' __!_) + 4 • 7 ( z - z ) 
'z L r o 
0 
z 
0. 74 ln(__!.) + 4L· 7 (z - z ) 
z r o 
0 
6z 0.74(6z in--- 6z + z) 
z r r 
+ 2.35 (f1z _ z )2 
L r 
STABILITY CONDITION 
NEUTRAL UNSTABLE 
z 1 = o 
z 
r 1n(-) 
z 
0 
z 
r 0. 74 1n(-) 
z 
0 
6z 0.74(6z in-
zr 
- 6z + z ) 
r 
1n 
z L < o 
z 1 r-(1-15-7-)4 - 1 L 
1 
z -
(1-1s-:!) 4 + 1 L 
- 1n 
1 
z -(1-1~)4 - 1 L 
1 
z -(1-1~)4 + 1 L 
1 1 
z - z -
r 4 o 4 + 2 arctan (1-1~) - 2 arctan (1-1~) 
0. 74J 1n 
1 
z -(1-~)2 - 1 
L 
1 
z -(1-~)2 + 1 L 
- 1n 
1 
z -(1-~)2 - 1 L 
1 z -(1-~) 2 + 1 L 
0. 74 6z in (~1 -9 ~ -~(~1 -9i + 1) ~ 1 - 9 ; - J\J1 -9 A: + 1 
+ 0.104 L [ ~ 1 - 9 ~z - ~ 1 - z g__!. L ] 
1-' 
~ 
1.2 
-u 
Cl) 
~ 
E 
u 1.0 
-
> 
t-
(.) 0 .8 0 
....J 
w 
> 
z 0.6 
0 
t-
en 
0 0.4 n. 
w 
0 
0 .2 
-1.5 
15 
u = 2 .5 m/s 
z,c 10m 
Z0= 0 .01 m 
-1.0 -o.s 0 0 .5 1.0 
_L 
L 
STABILITY 
FIGURE 4 
Var iation of Surface Deposition Velocity as a Function of 
At mospheric Stabil ity and Sc/Pr Ratio ( c (zd)/d(zr)=O) 
1.5 
16 
the pollutant removal is typically described by the boundary condition: 
F = - K (z) ~cz I = - v (z ) c(z ) 
p a z = z g r r (17) 
r 
Where zr is a reference elevation, vg(zr) and c(zr) are the pollutant 
deposition velocity and concentration at that height Because of the 
nonlinear nature of K (z), most mathematical descriptions of pollutant p 
transport require numerical solution. This can pose a problem in that 
the elevation of the lowest computation grid point is typically much 
higher than the reference height, z , used to establish the pollutant 
r 
deposition velocities. The situation is illustrated in Figure 5 where 
z is the height, z • used to establish the pollutant deposition veloci-
r 
ties. Because of the need to approximate the vertical concentration 
profile in discrete increments c(z ) is not readily available. When 
r 
coupled with the observation that v varies with height there is a need g 
to deveiop an equivalent deposition velocity vg that, when applied to 
the cell average concentration, c1 , correctly predicts the flux at the 
lower boundary. One way to develop such a model is to assume that most 
of the lowest cell is within the surface or constant flux layer. If 
this is the case then the cell deposition velocity is given by 
v (z )c(zr) g r (18) 
If c1 is to represent the average value of the actual vertical concen-
tration distribution in the range z < z < ~z then it must be 
r 
equivalent to 
1 
c1 ""_A....;::._ 
uz-z 
r 
~z 
J c(z)dz (19) 
z 
HEIGHT 
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FIGURE 5 
Nomenclature for cell-average deposition model 
(a) computational grid 
(b) discrete approximation of vertical concentration profile 
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Within the constant flux layer c(z) is given by 
c(z) 
z 
+ vg(zr) J Kp~z) 
z 
r 
(20) 
The ·equivalent cell deposition velocity can now be determined by com-
bin1ng (20), (19), (18) and (10) to give 
= 
1 
v (z ) 
r 
6z z f f 4>p<f) 
z z 
r r 
dx d . 
- z 
X 
(21) 
The integrals needed to evaluate the denominator of (17) are shown in 
Table 1. An example of the variation of v with cell size and atmos-g 
pheric stability is shown in Figure 6, and as can be expected, the 
equivalent deposition velocity becomes smaller as 6z increases. The 
variation is most pronounced under stable conditions because of the 
reduced vertical mixing. One implication of this result is that if 
v ( z ) , rather than v , 'were to be used in a practical calculation then g r g 
the surface removal flux would be considerably overestimated. 
VIII. EXPERIMENTAL METHODS FOR DETERMINING DEPOSITION VELOCITIES 
In the previous section primary attention was directed at 
developing an upper limit estimate of the rate at which pollutants can 
be transported to the ground. Whether this flux corresponds to the 
actual removal rate depends to a large extent on the conditions and 
type of the underlying surface. Garland32 ,for example, has observed an 
order of magnitude difference ~n the ozone (o3) deposition velocity 
over different soil types. If c(zd) is the pollutant concentration at 
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FIGURE 6 
Variation of Average Deposition Velocity as a Function of 
Atmospheric Stability and Computational Cell Height (c(zd)/c(zr)=O) 
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the effective sink height, zd, then the upper and lower limits on vg 
correspond to the conditions c(zd) = 0 and c(zr) a c(zd). If a lower 
bound on vg is required then it is important to be able to estimate the 
concentration difference c(zr) - c(zd). At present the only satisfac-
tory means for establishing the surface condition is by experimental 
measurement. This section presents a brief survey of field and labora-
tory techniques for determining deposition velocities for gaseous 
species which participate in photochemical reaction processes. 
Whether pollutant deposition velocities are measured in the field 
or under laboratory conditions usually one of several basic techniques 
is employed. Three of the most common are: the use of radioactive 
tracers, free stream concentration decay measurements and gradient or 
profile determinations. The most widely used laboratory procedure is 
called the flux method which equates free stream concentrations decay 
rates to the surface removal fluxes. Garland and Penkett33 measured 
the concentration decay of peroxy acetyl nitrate (PAN) as it passed 
over different surfaces .in a wind tunnel. Given the concentration 
difference, the travel time over the surface and the wind tunnel dimen-
sions it is a simple task to infer the net deposition flux and in turn 
determine the deposition velocity. A similar technique as used by Hill 
and Chamberlain17 to establish the pollutant influx required to main-
tain a constant concentration over different plant canopies. More 
recently the emergence of fast response pollutant detectors has enabled 
a direct measurement of the vertical turbulent flux. Wesely et al. 34-
36 recorded the velocity, w', and concentration, c', fluctuations at a 
21 
reference height of zr • 5 and evaluated vg directly using 
v (z ) = g r 
z - z r 
(22) 
where ~ is the time averaged vertical turbulent flux and c the aver-
age concentration. The averaging time for the results reported in 
Wesely et a1.34 was 0(10 minutes). 
Another means for determining deposition velocities is to employ 
isotopic labelling techniques. If isotopes, with low natural abun-
dances, are used then the task of differentiating between material pre-
viously present at the surface and the amount deposited during the 
experiment is considerably simplified. Owens and Powe1137 released 
35 
sulfur dioxide (so2), labelled with the sulfur isotope 16s , and meas-
ured the accumulation of 35so2 at the ground. Given the exposure time, 
T, and the 35so2 concentration at the reference elevation the deposi-
tion velocity is given by 
v (z ) = g r 
35so Activity at the Ground 
. 2 ( 23) 
Chamberlain16 used thorium- B c82Pb
212), in a wind tunnel, to measure 
the vertical flux of pollutant materials towards grass and similar sur-
faces as a function of the concentration difference between the refer-
ence height and the surface. 
The most common technique used in field studies is the gradient or 
profile method. This procedure utilizes measurements at two or more 
elevations to establish the vertical concentration gradient ac{ az. If 
the momentum, heat, water vapor, and pollutant fluxes are constant 
22 
within the surface layer then the Monin-Obukhov similarity hypothesis, 
coupled with the measured vertical gradient, gives the pollutant depo-
sition velocity. 
K (z) p 
c(z) 
ac 
az 
(24) 
The turbulent eddy diffusivity K (z) can be estimated using the methods p 
presented above or determined from energy budget measurements using a 
mass transfer analogy. An alternative approach is to assume that the 
pollutant transport is similar to that of water vapor and employ a sta-
bility dependent bulk transfer coefficient to approximate the surface 
flux. Given the measured concentration profile the deposition velocity 
is simply 
v (z ) = c~(zh) g r (25) 
where C is the aerodynamic transfer coefficient and u(zh) is the mean 
wind speed at an elevation zh above the ground. Whelpdale and Shaw38 
used (25) to evaluate (so2) deposition velocities over different sur-
faces. 
IX. LITERATURE SURVEY OF DEPOSITION VELOCITY MEASUREMENTS 
A major goal of developing the upper limit deposition model was to 
establish the surface removal rates for those species which participate 
in photochemical reactions. A partial list of these species includes 
nitric oxide (NO), _nitrogen dioxide (N02), ozone (03), peroxy acetyl 
nitrate (PAN), hydrogen peroxide (H2o2), nitrous acid (BONO), nitric 
acid (HN03 ) carbon monoxide (CO), reactive hydrocarbons, organic and 
23 
inorganic radicals. An extensive literature search was carried out to 
identify experimental determinations of ground level deposition veloci-
ties for each of these species . The results, presented in Table 2, 
include additional values excerpted from the comprehensive surveys con-
ducted by Droppo39 , Slinn et a1.40 and McMahon and Denison22 • In con-
structing the table an attempt has been made to summarize those factors 
which influence the estimates namely the experimental technique, refer-
ence height, type of surface, moisture conditions and the atmospheric 
conditions. 
Considering the important role of deposition in establishing 
ambient concentration levels the most striking feature of Table 2 is 
the paucity of reported results. For example, during the literature 
survey no field measurements were found for particulate nitrates, 
ammonia (NH3) or nitric acid (HN03). This problem is further com-
pounded by inadequate documentation of the atmospheric conditions pre-
vailing during each of the experiments. Unless sufficient meteorologi-
cal data are reported it. is difficult to separate whether the turbulent 
transport or chemical nature of the underlying surface is controlling 
the deposition. 
The limited data reported in the Table 3 are, unfortunately, insuf-
ficient to adequateiy verify the quantitative performance of the upper 
limit model. A qualitative indication can, however, be gained by exa-
mining the sulfur dioxide (so2) deposition study of Whelpdale and 
Shaw38 and the ozone (03 ) and nitrogen dioxide (N02) fluxes measured by 
Wesely et al. 34- 36 In each case the reported influence of atmospheric 
stability is consistent with the calculated variations shown in 
DEPOSITION 
VELOCITY 
SPECIES v (cm/s) g 
--
03 1.67 
0.10-2.10 
0.47-0.55 
0.20-0.80 
0.60-6.30 
0.02-1.80 
0.29-0.84 
NO 0.10 
0.10-0.20 
0.10 
N02 1.90 
0.50-2.00 
0.05-56 
0.30-0.80 
PAN 0.14-0.30 
0.63 
0.80 
TABLE 2 
Literature Survey of Deposition Velocity Data for Species 
Involved in Photochemical Reaction Processes 
SURFACE MEASUREMENT METEOROLOGICAL 
CONDITIONS METHOD DATA REPORTED 
Alfalfa Flux u 
Soil, Short Gr~ss Profile z/L,Rib'u*,zr=4m,T,RH,z
0 
Grass, Soil, Water Flux u,u*,z ,z =lOcm o r ...-
Maize Flux u,u*,z ,w,T,z =4-5m 
o r 
Soybean Field Eddy-correlation u,z =5.2m,L 
r 
-Alfalfa Flux u 
So i1, Cement 
--- ---
calculated 
-Alfalfa Flux u 
Soybean Field Eddy-correlation u,z =5.2m,L 
r 
Soil, Cement 
Grass, Soil Flux u,u*,z ,z =10 em 
o r 
Alfalfa Flux u 
Alfalfa --- calculated 
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TABLE 3 
Summary of Deposition Velocity Concentration Ratiosa 
SPECIES 
co 
NO 
aBased on a reference elevation z 
r 
= 1 m. 
CONCENTRATION RATIO 
[
l _ c(zd) J 
c(zr) 
0.0 
0.1 
0.2 
0.25 
0.6 
0 . 8 
0.8 
0.8 
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Figure 4. During stable conditions the deposition flux is primaril y 
controlled by the rate at which material can be transported to the sur-
face. Such circumstances are likely to occur at night. During the 
daytime however. the deposit i on rate is much more likely to be influ-
enced by chemical interactions at the surface. For example. the uptake 
by vegetation can be expected to much greater because the leaf stoma 
are likely to be open. One obvious conclusion from this discussion is 
that there is a great need for additional field measurements that can 
characterize the influence of surface chemistry. Given these caveats. 
Table 3 summarizes the concentration ratios used in (16). The values 
for ammonia and nitric acid were estimated by assuming that their chem-
ical reactivity and solubility were similar to that of sulfur dioxide 
or ozone. 
X. EVALUATION OF THE DEPOSITION MODEL 
In the previous sections a simple upper limit model for estimating 
deposition velocities h~s been presented. The principal features of 
the formulation are: an explicit t reatment of atmospheric stability 
and a formal procedure for determining equivalent cell average deposi-
tion velocities for use in numerical calculations. The fact that 
atmospheric stability has such a pronounced effect on the surface 
fluxes points to the need for careful reporting of meteorological con-
ditions during field studies. This would enable an independent assess-
ment of whether the limits on v are set by the eddy diffusion or by g 
the ability of the underlying surface to assimilate the material. In 
terms of future work considerably more attention needs to be given to 
characterizing the physical and chemical processes occurring in the 
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layer zd < z < z0 • At present there are no satisfactory theoretical 
treatments of the mass transfer close to the surface. Even more seri-
ous is the limited amount of field data on pollutant uptake at the sur-
face. 
A basic limitation of the model is its reliance on Monin-Obukhov 
similarity theory to characterize the material fluxes in the surface 
layer. While this formally restricts applications to steady conditions 
and values lz/LI < 1, the model is, nevertheless, capable of producing 
useful limits for surface deposition fluxes for a range of the species 
encountered in photochemical modeling applications. 
XI. PHOTOCHEMISTRY OF NITROGEN OXIDES 
In the polluted troposphere the chemistry of nitrogen containing 
species rivals that of sulfur both interms of the range of compounds 
present as well as their impact on acid deposition. Nitrogen oxides 
(NOx) emissions and their oxidation products have long been recognized 
as a source for acidic materials in the atmosphere. Based on a series 
of field experiments conducted in the early 1820's Lavoisier concluded 
that nitric acid deposited at the ground had its origin in the air. 42 
There are several reasons ·why NO emissions are important. One is that 
X 
nitric (HON02) and nitrous (HONO) acids can be formed by direct oxida- · 
tion of nitric oxide (NO), the dominant component of NO emissions. In 
X 
addition, emissions of nitrogen oxides act as essential precursors to 
the formation of strong oxidants such as hydrogen peroxide and ozone. 
In an urban atmosphere the major observed features of the chemical 
interaction between hydrocarbons and NO are: the conversion of NO to X 
No2 , the accumulation of ozone (o3), the production of nitric acid and 
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the generation of organic nitrates. While there are a number of alter-
native ways of modeling the chemical kinetics of this system the 
approach used in this work is based on the work of Falls and Sein-
feld11, Falls et a1. 12 and McRae et al. 5 ' 6 The mechanism, shown in 
Table 4, is composed of 52 reaction steps and is designed to describe 
the concentration dynamics of thirty two different species. The major 
nitrogen containing compounds are listed in Table 5. One measure of 
the chemical diversity of these species is that the nitrogen oxidation 
states vary from -3 for ammonia (NH3 ) to +5 for peroxynitric acid 
(H02No2). (The kinetic data needed to specify the reaction rate con-
stants are discussed in the references [5-6,43-53].) This particular 
mechanism was selected because it incorporates recent information on 
rate constants, mechanistic structure and, in addition, its performance 
has been successfully tested against smog chamber experiments. One 
other reason for choosing this scheme is that it compatible with the 
emissions inventory data available in the South Coast Air Basin. 
In this work primar.y attention is directed at the fate and end 
products of nitrogen oxide emissions. For this reason it is useful to 
be able to follow the flow of nitrogen through the chemical mechanism 
and account for the various sources and sinks. A schematic representa-
tion of the interactions between nitrogen containing compounds is shown 
in Figure 7. Besides the direct emissions of nitric oxide (NO), some 
of the other more abundant nitrogenous species, produced by the photo-
chemical reactions, are nitric acid (HON02), nitrogen dioxide (N02) and 
peroxyacetyl nitrate (PAN). Nitric acid is particularly important 
because of its contribution to acid deposition and. the fact that it 
acts as a precursor for the formation of ammonium nitrate aerosol. 
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TABLE 4 
Photochemical Reaction Mechanism 
REACTION STEP RATE CONSTANT VALUE AT 298 OK REF(a) 
(ppm-min units) (NOTES) 
1 
+ 0(3P) N02 + hv - NO 0.51 (b) 
0( 3P) 
2 0 . 346 
2.16x10-5 + 02 + M 
-
03 + M exp(510/T) [ 1] T2 
3 9.24x105 
2.39x101 03 + NO 
-
N02 + 02 exp(-1450/T) [1] 
T 6 
+ 0(3p) 
4 3 . 99x10 
1.34x104 N02 - NO + 02 
[1] 
T 
+ 0(3P) 
5 1.67x105 
3.98x103 NO 
-
N02 exp(584/T) [1] 
T 6 
+ 0(3P) 
6 1.07x10 
3.59x103 N02 - N03 [ 1] T 4 
7 5.19x10 
4.68x1o-2 03 + N02 - N03 + 02 exp(-2450/T) [1] T 6 
8 8.0Sx10 
2.70x104 N03 + NO -
2N02 [2] 
T 6 
9 5.07x10 
1.70x104 NO + OH 
-
HONO [1) 
T 
10 
HONO + hv 
-
OH + NO 0.096 (b) 
11 
H02 + N02 - HONO + 02 kll ""' 0.001 k13 1.70 [3] 
12 2.91x106 
9.77x103 HONO + OH 
-
N02 + H2o [ 1] T 
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TABLE 4 (Cont) 
REACTION STEP RATE CONSTANT VALUE AT 298 °K 
(ppm-min un i ts) 
13 1.73x104 3 N02 + R02 - R02No2 
exp(l006/T) 1. 70x10 [4] 
T 
14 
1.80x1o15 R02No2 - R02 + N02 exp( - 9950/T) 5.68 [4] 
15 6 3. 58x10 
1.20x104 R02 + NO - N02 + OR 
[1] 
T 6 
16 3.58x10 
1.20x104 R02 + NO -
N02 + RO [ 5] 
T 6 
17 1.13x10 
3.79x103 RC03 + NO - N02+R02+co2 
[6] 
T 6 
18 4.53x10 
1 . 52x104 N02 + OR -
RON02 [1] 
T 5 
19 1.31xl0 
4.40x102 co + OR 
-
H02 + co2 [ 1] T 
20 
0(3P) 03 + hv - + 02 0.0328 (b) 
21 
HCHO + hv 
-
2H02 + co 0.00284 (b) 
22 
HCHO + hv 
-
R2 + co 0.00473 (b) 
23 
1.39x104 HCHO + OR 
-
H02+H20+CO (c) 
24 
RCHO + hv 
-
R02+H02+CO 0.0026 (c) 
25 
RCHO +OR 
-
RC03 2.57x10
4 (c) 
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TABLE 4 (Cont) 
REACTION STEP RATE CONSTANT VALUE AT 298 °K 
(ppm-min units) 
26 4 
C2R4 + OR 
-
R02 1.16x10 (c) 
+ o(3P) 
27 
1.22x103 C2R4 - R02 + R02 (c) 
28 4 OLE + OR 
-
R02 8.91x10 (c) 
+ 0(3P) 
29 
2.21x104 OLE 
-
R02 + RC03 (c) 
30 
OLE + 03 
-
(a1)RCRO + (a2)RCRO + (a3 )R02 + 0.136 (c) Ca4 )R02 + (a5)oR + (a6)RO 31 
ALK + OR 
-
R02 4 . 7x10
3 (c) 
+ 0(3P) 
32 
ALK 
-
R02 + OR 99.8 (c) 
33 
1.61x104 ARO + OR 
-
R02 + RCRO (c) 
34 5 RO 
-
(b1 )R02 + (b~RCRO + (b3)RCRO 2.0xl0 [ 7] 
+ (1- 1) R02 
35 
RONO + hv 
-
NO + RO 0.112 (d) 
36 4.38x106 
1.47x104 RO + NO 
-
RONO [ 8) 
37 
T 6 
2.19xl0 
7.35x103 RO + N02 - RON02 
[ 8) 
T 
38 2 RO + N02 - RCRO + RONO k38=o.087 k37 6.39x10 [9](e) 
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TABLE 4 (Cont) 
REACTION STEP RATE CONSTANT VALUE AT 298 °K 
(ppm-min units) 
39 1.64x106 
5.50x103 N02 + Ro2 - R02No2 
[10](f) 
T 3 
40 1.64x10 
N02 + R02 -
RCHO + HON02 5.50 [10] T 
41 
R02No2 - N02 + R02 same as k14 5.68 [ 5 J 
42 6.17x1o5 
RC03 + N0 2 -
PAN 2.07x103 [ 6] 
T 
43 
4.77x1o16 2.74x1o-2 PAN 
-
RC03 + N02 exp(-12516/T) [6] 
44 2.20x106 
N02 + N03 - N2o5 7.39x10
3 [13] 
T 
45 
N2o5 
-
N02 + N03 3.44x1o
16 exp(-10600/T) 1.22x101 [13] 
46 -3 4.47x10 
H2o + N205 -
2HON02 1.50x1o-
5 [1] 
T 
47 6.62x105 
7.75x101 03 + OR 
-
H02 + 02 exp(-1000/T) [ 1] T 
48 4.85x103 
03 + H02 - OR + 202 exp(-580/T) 2.32 [ 11] T 
49 
03 
-
wall loss 0.0 Depends on the experiment (g) 
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TABLE 4 (Cont) 
REACTION STEP RATE CONSTANT VALUE AT 298 °K 
( ppm-111.in units) 
50 3.4xl0 4 
H02 + H02 - H202 + 02 exp(llOO/T)+ T 
5.8x10-5 
T2 
exp(5800/T)[H20] 3 8.28xl0 
51 
-3 
H202 + hv 
-
20H 1.6lxl0 
52 2.04xl04 
1.45xl02 R02 + R02 - 2RO exp(223/T) 
Footnotes: 
a) 
[1) Hampson and Garvin43 
[2] Graham and Johnston44 
[3] Graham et al.t~ 
[4] Graham et al. 
[5] Estimate 
[6] Cox and Roffey46 
[7] Baldwin et a1.47 48 [8] Batt and Rattray 
[9] Baker and Shaw49 · 50 [10] Simonaitis and Heicklen 
[11] NASASl 
[12] Sander and Watson52 
[13] Baulch et a1.53 
T 
b) All values are for Los Angeles California (latitude 34.06°, 
longitude 118.25°, time zone • 8.0). The rates are the peaks 
values that occured at 12:00 Pacific Standard Time, 26 June 1974. 
c) Lumped hydr . ,carbon reaction rates are based on the individual 
species ratns weighted on a molar basis in terms of their 
c:ontributior1 to the emissions inventory for SCAB. 
d) Photolysis rate set to 0.22 of N02 • 
e) k47 /(k37 + k38 ) • 0.92 for CH3 , k38 - 0.087 k37 
[ll]{i) 
[ 12] 
34 
TABLE 4 (Cont) 
f) Rate constants for reactions 39 and 40 are based on the assumption 
that k 16 t(k39 + k 40 ) = 2.2. 
g) Wall loss term for modeling smog chamber experiments, k49 depends 
on experimental conditions. 
h) Determined from 1.477 x 1015 x 10-(ll.6T/(l7 •4 + T)) "(280/T) 
i) Water concentration in ppm, value at 298°K based on 2,000 ppm. 
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TABLE 5 
Some Important Nitrogen-Containing Species 
SPECIES 
Nitric oxide 
Nitrogen dioxide 
Ammonia 
Nitrogen trioxide 
Dinitrogen pentoxide 
Nitric acid 
Nitrous acid 
Peroxyacetylnitrate 
Methyl nitrite 
Methyl nitrate 
Peroxynitric acid 
Peroxyalkylnitrates 
Ammonium nitrate 
CHEMICAL SYMBOL 
NO 
NH3 
HN02 (HONO) 
PAN 
~1e~l0 z (RONO) 
CHEMICAL STRUCTURE 
H - N - H 
I 
H 
0
'NO o-
0 
II 0 CH COON,.... 3 '0 
EMISSIONS., 
ALKYL 
NITRITE 
RONO 
+h.. +RO 
NO 
PEROXYALKYL 
NITRATE 
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FIGURE 7 
PEROXYACTYL 
NITRATE 
PAN 
+NHs T 
+NOz 
Schematic Representation of the Gas Phase Nitrogen Oxides 
Chemistry Including Reaction Paths for Nitrate Formation 
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Oth~r than direct emission the specific reaction pathways that produce 
nitric acid are 
18 
N02 + OR --> HON02 (26) 
40 
N02 + R02 --> HON02 + RC03 (27) 
46 
N205 + H20 -> 2HON02 (28) 
During the day, reaction 18 is the dominant route for producing gas 
phase HON02 •
61
-
63 At night homogeneous hydrolysis of dinitrogen pentox-
ide (N2o5) by reaction 46 can become important. Some controversy 
exists about the magnitude of this rate constant. In the following 
calculations an upper limit, due to Morris and Niki,64 has been used. 
Because of the uncertainty associated with the kinetics of this mechan-
ism step a subsequent section presents a more detailed analysis of the 
effects of reducing k46 • Further information about individual reaction 
steps or the photochemistry of the polluted troposphere can be found in 
the review articles [54~63]. 
An estimate of the likely ambient concentration levels of the 
nitrogen-containing species shown in Table 5 can be found by simulating 
the conditions occuring in smog chambers. A typical calculation is 
reported in Table 6, for an experiment carried out at the Statewide Air 
Pollution Research Center of the University of California, Riverside. 
The results indicate that at the end of the experiment most of the 
nitrogen was in the form of N02 , nitric acid and PAN. For this partic-
ular example the predicted levels of o3 , NO and N02 agreed quite well 
with the concentrations observed in the smog chamber11 , 12• An indica-
tion of the lifetimes for each species can also be been inferred from 
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TABLE 6 
Predicted Concentration of Nitrogen Contai ning Species for Smog 
SPECIES 
N02 
HN04 
NO 
HN02 
PAN 
RONO 
N03 
RN04 
2N2o5 
RN03 
HN03 
NT 
[Nitrogen 
Balance] 
O(min) 
-2 4.lx10 
0 
3.01xl0-l 
-2 1.2x10 
0 
0 
0 
0 
0 
0 
0 
0.3540 
Chamber Experiment SUR- 119J 
CONCENTRATI ON (ppm) 
60(min) 120(min) 180(min) 240(min) 
1.6x10 -1 2.3x10 -1 -1 2.5x10 2.5x10 -1 
2.2xl0 -5 4.6x10 -5 -5 8.4x10 1.3xl0 -4 
1. 7x10 -1 8.7x10 -2 4.4x10 -2 2.6xl0 -2 
6.9xl0 -3 2.8xl0 -3 -3 l.lxlO 5.4x10 -4 
8.8x10 -4 -3 3.1xl0 6 . 2x10 -3 l.Oxl0-2 
-3 l.OxlO 8.0xl0 -4 4.6x10 -4 2.5x10 -4 
2.3xl0 -8 -7 1 . 7xl0 7.8x10 -7 2.2xl0 -6 
6.6xl0 -4 -3 1.4xl0 2.4x10 -3 3.6xl0-3 
2.3xl0 -6 2 . 4xl0 - 5 -4 1.2x10 3 . 4xl0 -4 
2 . 4xl0 -4 5.7x10 -4 8 . 9x10 -4 1.2xl0-3 
. -2 
1. 2xl0 2.8xl0 -2 -2 4.5xl0 6.2xl0 -2 
0 . 3539 0.3539 0.3539 0.3539 
(a) Initial conditions for smog chamber experiment SUR119J: 
300(min) 
-1 2.3x10 
-4 1.8xl0 
1.6x10 -2 
-4 3.3xl0 
1.4xl0 -2 
1.3xl0 -4 
4.6x10 -6 
4.9xl0 -3 
6.6xl0 -4 
-3 1.4x10 
8.0xl0 -2 
0.3539 
[NO] = 0 . 301, [N02] = 0.041, [HNOz] = 0.012, (CO] = 7.45, [HCHO] = 0.038 , (RCHO] = 0.023, [ALK] = 0 . 358, [OLE] = 0.039, [C2H4] = 0 . 043, [ARO] = 0 . 07, [H20] = 15500.0 , [02] = 210000.0, [M] = 1000000.0, Total Nitrogen (ppmV) = 
0.354, RHC (ppmV) = 0.548, NOx/RHC (ppmv/ppmV) = 0.642, Relative 
Humidity (%) = 58.5-53 . 0, Temperature (°C) = 30.5-33.1, Photolysis rate 
(min-1) = 0.32, 03 wall loss rate (min-1) = 2.3 x l0- 3, Chamber dilution 
(min-1 ) = 2.9 x lo-4. 
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these experiments. The characteristic eigenvalue spectrum and associ-
ated reaction times are shown in Figure 8. Of the species shown in 
Figure 7, only PAN, the higher peroxyacylnitrates analogues, or nitric 
acid can be expected to be major sinks for NO • In passing it is use-
x 
ful to note that as the ambient temperature increases the role of PAN 
as a N02 sink rapidly decreases. 
One feature of the mechanism that simplifies study of the inter-
conversion between species is the fact that atomic nitrogen is con-
served. The conservation constraint for nitrogen (NT) is given by 
NT = [NO] + [N02] + [N03 ] + [HONO] + [HON02] + [H02N02] + [RONO] 
+ [RON02] + [R02No2 ] + 2[N2o5J + [PAN] 
This constraint, in combination with the transport and chemical 
( 29) 
processes described by (1), provides an ideal way to trace the flow of 
nitrogen oxides from their emission until their ultimate removal from 
the airshed. The next section of this paper describes a scheme for 
adding ammonium nitrate and ammonia to the nitrogen mass balance. 
XII. FORMATION OF AMMONIUM NITRATE AEROSOL 
In an urban atmosphere nitrogen oxides emissions can undergo pho-
tochemical oxidations that result in the formation of organic as well 
nitric acids. If ammonia (NH3 ) is present, some of these compounds can 
1 . d 6 S-6 7 h b 1 . b 1 d b be neutra ~ze • T e mass a ance on n~trogen can e comp ete y 
in~orporating a calculation scheme that describes the formation of 
ammonium nitrate (NH4No3) aerosol. Based on the work of Stelson and 
. 68 69 se~nfeld ' ' the approach uses fundamental thermodynamic principles 
to find the equilibrium dissociation constant, K, for the ammonia, 
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nitric acid and ammonium nitrate system 
K 
NH4No3(aerosol) <---> NH3(g) + HON02(g) (30) 
This system is shown schematically in Figure 9. Given the dissociation 
constant K, 
(31) 
it is a straightforward task to determine the equilibrium concentration 
of ammonium nitrate given the concentrations of ammonia and nitric 
acid, respectively. Evidence for the existence of an ammonium nitrate 
equilibrium in the atmosphere has been found by making simult~neous 
measurements of ammonia and nitric acid and comparing the data against 
calculated dissociation constants. 70 , 71 
In the study by Stelson and ~einfeld,68 , 69 it was found that both 
the dissociation constant and the physical state of ammonium nitrate 
was a function of temperature and relative humidity. Ammonium nitrate 
is found as a solid if the relative humidity is less than that of deli-
quescence (RHD) given by 
ln RHD = 723.7/T + 1.7037 (32) 
where T is in °K. Above the relative humidity of deliquescence 
ammonium nitrate exists in the aqueous phase. No ammonium nitrate 
should be present if the product of the concentrations of ammonia and 
nitric acid is smaller than the dissociation constant. Dissociation 
2 constants for typical atmospheric conditions range from 0.04 (ppb) at 
S°C and 90% RH to 1400 (ppb)2 at 40°C and a RH of 30%. The particular 
details of the calculation procedure are described in Russell et a1. 13 
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NH.-N03 
(AQUEOUS OR SOUD} 
FIGURE 9 
GAS PHASE SPECIES 
EQUILIBRIUM MODEL 
AEROSOL PHASE 
Schematic Representation of the Equilibrium Model for 
Ammonium Nitrate (NH4No3 ) Formation 
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and will not be repeated here. Ammonium nitrate aerosol deposition is 
treated in the same manner as gaseous deposition. A value for the 
approximate deposition velocity was estimated from the experimental 
measurements of the deposition rates of NH: and N0;. 25 
XIII. EVALUATION OF THE MODEL PERFORMANCE 
Once the model has been formulated the next step is to evaluate 
its ability to predict ambient concentrations of both the gas phase and 
particulate species. The data required for such tests include; pollu-
tant emissions, observed air quality and the prevailing meteorology. 
The particular day chosen for this study was 27 June 1974, a period 
typical of the severe smog episodes that are experienced in Southern 
California. These days are characterized by high oxidant and nitric 
acid levels. For this study, the air parcel trajectory was selected so 
that it crossed the airshed. The trajectory started near the ocean at 
midnight, then proceeded east over Los Angeles, and finally passed over 
Upland at 1600 Pacific Standard Time (PST). By initiating the calcula-
tions over the ocean the influence of initial conditions on the pollu-
tant loadings in the air column is very small . 
One of the most important inputs is a comprehensive detailed and 
accurate emission inventory, constructed at a level of detail con-
sistent with the required spatial, temporal and chemical resolution of 
the model. In this study emissions from 130 different source 
categories were distributed over the region shown in Figure 1. A sum-
mary of the daily totals and the distribution between mobile and sta-
tionary source classes is shown in Table 7. Diurnal variations in 
emission rates were resolved to within one hour in order that the model 
44 
TABLE 7 
Summary of Estimated 1974 Daily South Coast Air Basin Emissions 
SPECIES 
Carbon monoxide (CO) 
Nitrogen oxides (NOx) 
Sulfur oxides (SO ) 
X 
Total Hydrocarbons (THC) 
Reactive Hydrocarbons (RHC) 
Ammonia (NH3) 
TOTAL EMISSIONS 
(kg/day) 
8,610,000 
1,320,000 
427,000 
3,379,000 
1,290,000 
150,000 
SOURCE CLASS 
CONTRIBUTION (%) 
MOBILE STATIONARY 
98 . 8 1.2 
62.3 37.7 
13.7 86.3 
30.0 70.0 
71.0 29.0 
3.0 97.0 
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predictions would be compatible with the averaging time used in making 
ambient air quality measurements. The overall spatial distribution of 
NH3 , nitrogen oxides, reactive hydrocarbons and carbon monoxide emis-
sions in the South Coast Air Basin is shown in Figure 10. The largest 
spike in the NH3 diagram is centered over the town of Chino on the pre-
vailing upwind side of the city of Riverside, and results from the 
intensity of livestock operations in that area. Further descriptions 
of the emission inventories for nitrogen oxides, hydrocarbons and 
ammonia for June 26 through 28, 1974, are available.6 , 13 
Both the gas phase and aerosol pollutant concentration predic-
tions have been compared against observations reported at monitoring 
close to the trajectory path. In evaluating the model performance, the 
predictions were compared against measurements of o3 , N02 , NO, NH4No3 , 
No; and NH:.6 , 13 In both studies agreement between the measured and 
calculated concentrations was good. Some of the results are shown in 
Figure lla and b. The ability of a model to describe ambient concen-
trations of gases is on~y one indication of the validity of the treat-
ment for surface deposition. Extensive experiments in the air basin 
are required for definitive evaluation of the performance of the depo-
sition calculations. At present, the needed experimental data do not 
exist. 
XVI. CALCULATION OF ACIDIC DEPOSITION FLUXES 
The basic objective of this study is to present a methodology that 
can be used to determine the magnitude of acid deposition resulting 
from the oxidation of nitrogen oxides emissions. In the subsequent 
calculations acid deposition is defined as the surface flux of species 
with immediately available protons minus proton scavenging species. 
4o 
Spatial Variation of the Daily Average Emissions of 
Ammonia (NH3), Nitrogen Oxides (NO), Reactive Hydrocarbons (RHc) 
and Carbon Monoxide (C)) Ove~ the South Coast 
Air Basin for the Period June 1974 
FIGURE 10 
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Thus, considering just the NH3-HNo3-NH4No3-HONO system, the net acid 
deposition is given by 
{Acid Flux} = {HN03 Flux} + {HONO Flux} - {NH3 Flux} (33) 
This definition, while adequate for many circumstances, may require 
modification to account for reactions in the receiving ecosystem, such 
as NH: + 202--> 2H+ + No3 + H2o as well as the slightly acidic charac-
ter of NH4No3 • The deposition of sulfate or the possible acid produc-
ing reactions involving deposited N02 and so2 have not been included in 
the present study. 
By using the model (1) a mass balance on nitrogen-containing 
species can be constructed to account for emissions and reaction pro-
ducts, as well as total surface deposition. The instantaneous deposi-
tion flux of total nitrogen, shown in Figure 12, demonstrates the pro-
nounced influence of atmospheric stability. The deposition flux is 
greatest in the afternoon because of rapid mixing. By comparison, the 
net flux at night is much lower even though there is more nitrogen-
containing material in the air column. The importance of this result 
is further highlighted in Figure 13 which depicts the balance between 
deposited nitrogen oxides emissions and those emissions remaining in 
the air column. Approximately 35% (by mole equivalent) of the nitrogen 
oxides emissions are deposited during the day. Of the 65% of the 
nitrogen-containing pollutants that remain in the air parcel, 41% is 
nitric acid at the end of the trajectory studied. The remaining nitric 
acid could be expected to deposit out on subsequent days. 
Deposition of both acidic and basic species occurs along the whole 
trajectory as shown in Figure 14. In this figure, the fraction 
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labelled as 'other' consists primarily of ammonium nitrate. In the 
early morning near the coast, the deposition rate of ammonia is higher 
than that of the nitrogenous acids. The reason for this is that the 
nitrogen oxides emissions have not reacted to form nitric acid. After 
sunrise the deposition rate increases, and nitric oxides start to oxi-
dize to form nitric acid. This leads to a net acid flux. This trend 
continues until sunset when the atmosphere becomes more stable, 
decreasing the deposition rate. The nitric acid burden in the air par-
cel is still much greater than ammonia. Of the nitrogen containing 
material that is deposited during the first day the dominant fractions 
are: nitric acid (30%), peroxyacetyl nitrate (20%), nitrogen dioxide 
(40%) and ammonia (6%). Table 8 summarizes the net acid and nitrogen 
deposition at the end of the trajectory. 
The predicted net dry acid deposition, from Table 8, of 422 micro 
eq m-2 can be compared to the findings of Liljestrand and Morgan4 for 
wet deposition. Liljestrand and Morgan estimated the wet flux of 
nitrogenous acids to be .0.016 eq m-2 per year. By comparison, the 
results of this study would suggest that the dry deposition flux of 
acidic materials would be of the order of 0.19 eq m-2 per year. Dry 
deposition appears to account for a much greater flux of acid than wet 
deposition. It should be kept in mind that the estimate obtained in 
this study should be an upper limit due to the deposition model used 
and trajectory chosen. 
XV. DYNAMICS OF NITRIC ACID PRODUCTION 
As shown in the previous section nitric acid was the dominant 
fraction of the deposited acidic materials. The diurnal variation of 
the contributions to its production, from the different reaction 
SPECIES 
NO 
HON02 
HONO 
TOTAL 
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TABLE 8 
Integrated Fluxes of Nitrogen Containing Species 
and Associated Acid Deposition for 24-hr Period 
Along a Representative Trajectory(a) 
DEPOSITED 
NITROGEN 
llg m-2 
2422(10.4) 
8742(37.7) 
4477(19.3) 
7255(31.3) 
26.4(0.1) 
277 (1. 2) 
23199(100%) 
ACID 
DEPOSITION 
11 eq m-2 
518 
1.9 
-98(b) 
422 
AMMONIA RELATED 
NITROGEN DEPOSITION 
llg m-2 
277(16.7) 
1377 (83. 3) 
1654(100%) 
(a)27 June 1974 Upland trajectory 
(b)Negative flux corresponds to neutralization of HON02 by NH3 
(c)Total nitrogen depos~tion (excluding NH3) 
54 
pathways, is shown in Figure 15. As expected, the No2-oR reaction dom-
inates during the day. Immediately after sunset, however, most of the 
nitric acid is predicted to be formed by the homogeneous hydrolysis of 
-6 _ l 
N2o5 • The rate constant used for that reaction, k46 a 1.5 x 10 ppm 
. -1 
- m1n , is, as mentioned previously, believed to be an upper limit. 
Because some controversy exists about the magnitude of k46 , it was 
decided to test the sensitivity of nitric acid formation to k46. This 
can be done by investigating the reactions involving N2o5 below. 
6 
N02 + 0 --> N03 k6 - 3600 
-1 . -1 (34) ppm m1n 
7 
-1 min-l N02 + 03 --> N03 k7 - 0.05 ppm (35) 8 
-1 . -1 NO + N03 --> N02 ka 27200 ppm m1n (36) 44 
N02 + N03 --> N205 k44 - 3900 
-1 . -1 (37) ppm m1n 
45 
N205 --> N02 + N03 k45 - 6.9 
-1 min-l (38) ppm 
46 
-6 ppm-1 . 1 N205 + H2o--> 2HN03 k46 - 3xl0 m1n- (39) 
Homogene~us hydrolysis of N2o5 , is not well understood. The rate 
t t · (k ) · b d b M • and N"k " 64 "th th cons an g1ven . 46 1s .an upper oun y orr1s 1 1, w1 e 
actual rate constant possibly being considerably less. The reason for 
this is that measurement of the rate constant is plagued by the rapid 
heterogeneous reaction of N2o5 with the surfaces of the reaction 
chamber. Nevertheless the dynamics of the N2o5-No3-HNo3 system can 
still be studied. The rate expression for No3 and N2o5 , using the 
above system, are 
d[No3 ] 
D k6[No2J[ol+k7 [No2J[o3J-k8[No3J[Nol-k44 [No2J[No3 l+k45 [N2o5l dt 
(40) 
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and 
(41) 
Both these species have very short lives, and steady state approxima-
tions can be made. Simultaneously solving for N03 and N2o5 concentra-
tions as a function of other concentrations gives 
(42) 
and 
(43) 
Figure 15 indicated that the homogeneous N2o5 hydrolysis is important 
only during the nighttime when 0 atom concentrations are negligible. 
Also the NO concentrations are very low at night, on this occasion, 
except near the ground •. With this in mind, the expressions can be sim-
plified to give the rate of nitric acid formation by hydrolysis as 
(44) 
Using typical nighttime, ground level concentrations for the various 
species shown in Table 5, the production of nitric can be approximated 
as 
2 2 k46k47k7[H20][03 ][N02] 
k 8k45 [NO] 
(45) 
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If the NO concentration is much lower, as it is above the inversion, 
the first term dominates, and (44) simplifies to 
(46) 
and the rate of HN03 formation can be seen to be much greater than at 
ground level. This expression is insensitive to uncertainty in k46 , 
and is approximately valid as long as 
(47) 
The surprising result from this analysis is that aloft the production 
of HN03 by N2o5 hydrolysis is insensitive to k46 • Bcause most of the 
N2o5 hydrolysis occurs aloft where [NO] is low, the column averaged 
total production of HN03 by N2o5 is relatively insensitive to revisions 
in k46 • A test using a hydrolysis rate constant one fifth of the upper 
limit gave results essentially unchanged to what was found previously, 
though slightly less nitric acid was produced near the ground. The 
results drawn from this analysis are dependent on the 
dynamics of N03 • In the present calculations the effect of aerosol 
. 73 74 scaveng~ng ' have been ignored. The model predicts a rapid rise 
and fall in the concentration of N03 centered about 1900 (PST). This 
trend and the calculated peak value of 0.065 ppb is comparable to the 
results reported by Platt et a172 • 
In summary the production of nitric acid by homogeneous N2o5 hydro-
lysis at night could be a major source of nitric acid in the atmo-
sphere. The analysis indicates that immediately above the inversion, 
...-l.ere NO concentrations are very low that the production of nitric acid 
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at night can be comparable with that found during the day by the N02-0H 
reaction. 
XVI. CONCLUSIONS 
Nitrogen oxides emissions and their photochemical oxidation pro-
ducts are significant sources of acidic compounds in the atmosphere. A 
critical element of any approach directed at minimizing the environmen-
tal impacts resulting from the deposition of these materials is a reli-
able means for evaluating the air quality impact of alternative control 
measures. The primary objective of this work has been to present such 
a capability in the form of a model of the processes influencing the 
physical and chemical dynamics of nitrogen containing species over an 
urban area. In particular, the mathematical formulation incorporates 
the effects of emissions, transport, chemical conversions and surface 
deposition. The surface removal component of this model has several 
important features including, explicit treatments of the effects of 
surface conditions and diurnal changes in atmospheric stability. A 
formal procedure for determining equivalent cell average deposition 
velocities, needed in the numerical calculations, is also presented. 
Applications of the model are illustrated by examining the fate of 
nitrogen oxides emitted into an urban environment. A mass balance on 
nitrogen containing species is constructed along a wind trajectory that 
traverses the South Coast Air Basin of southern California. For the 
particular trajectory chosen several conclusions can be drawn. Perhaps 
the most significant is that during one day approximately 35% of the 
nitrogen emitted into the air is removed by dry deposition. This short 
lifetime indicates that almost all of the nitrogen oxides and their 
acidic oxidation products could be removed within a few days travel 
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time from the source of the emissions. Of the nitrogen containing 
material that is deposited during the first day the dominant fractions 
are: nitric acid (30%), peroxyacetyl nitrate (20%), nitrogen dioxide 
(40%) and ammonia (6%). Ammonia acts to neutralize some of the depo-
sited acids by forming ammonium nitrate. Nitric acid and peroxyacetyl 
nitrate are the two most abundant photochemical oxidation products 
remaining in the column of air. These compounds can be removed on the 
second and subsequent days. While there is a clear need for additional 
laboratory studies and field measurements these initial results provide 
a demonstration of bow a mass balance formulation can be used to study 
the impact of nitrogen oxides emissions on acid deposition. 
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